Introduction
tolerant animals from at least four phyla. We evaluate here the expression, subcellular localization, biochemical properties and potential functions of LEA proteins in animal species during water stress. LEA proteins are intrinsically unstructured in aqueous solution, but surprisingly, many only assume their native conformation during drying. They are targeted to multiple cellular locations, including mitochondria, and evidence supports that LEA proteins stabilize vitrified sugar glasses thought to be important in the dried state. More in vivo experimentation will be necessary to fully unravel the multiple functional properties of these macromolecules during water stress.
INTRODUCTION
Deficit in cellular water is a pervasive issue confronting both aquatic and terrestrial organisms. Subfreezing temperatures, desiccating conditions in xeric climates, and the osmotic variation seen in aqueous habitats are common environmental conditions that can impose severe water stress and a threat to life (1, 2). It is well established that many organisms facing water stress possess systems of compatible osmolytes, i.e., low molecular weight solutes accumulated in the intracellular compartment for osmotic balance. Other organic solutes like the sugar trehalose can actually stabilize biological structures during water stress (3) (4) (5) (6) . Drying because of evaporative water loss is the most common mechanism for dehydration, although during winter in northern temperate regions freezing can also occur, which reduces the liquid water in extracellular fluids and can lead to intracellular dehydration in multicellular organisms and the concomitant increase in intracellular solutes. However, it has become apparent that small organic solutes are not the only components that contribute to an organism"s desiccation tolerance.
Protective macromolecules also are correlated with desiccation resistance and are of several types, but include Late Embryogenesis Abundant (LEA) proteins, small stress proteins like Artemia P26, Hsp 21 and Hsp 22 (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) , and anhydrin (17) . Both LEA proteins and anhydrin are examples of the extensive group of intrinsically disordered proteins (18) LEA proteins were first identified in land plants (19, 20) , and their expression is associated with desiccation tolerance in seeds and anhydrobiotic plants (21) . As the name suggests, these proteins were originally discovered in late stages of embryo development in plant seeds (19) . Over the last several years, a series of remarkable findings have shown these proteins to be present in at least four animal phyla. In this review, we will focus primarily on the expression, cellular localization, biochemical properties and potential functions of LEA proteins in animal species. For broader reviews covering LEA proteins in non-animal species, a number of useful reviews are available (22) (23) (24) (25) .
DISTRIBUTION AND EXPRESSION OF LEA PROTEINS IN ANIMALS
LEA proteins are not viewed as being restricted to plants anymore, now having been documented in bacteria (26) (27) (28) , cyanobacteria (29) , slime molds (30) , and fungi (31) (32) (33) . In addition a steady increase in reports of LEA-like protein in animals has been observed in the last several years.
Over 30 protein sequences for LEA and LEA-like proteins (Table 1) can be found in the National Center for Biotechnology Information (NCBI) data base. Animals for which LEA-like proteins have been reported are nematodes (17, (34) (35) (36) (37) (38) , rotifers (39) (40) (41) , embryos of the brine shrimp Artemia franciscana (42) (43) (44) (45) , collembolan species including the arctic springtail Megaphorura arctica (46, 47) , the chironomid larva Polypedilum vanderplanki (48) , and tardigrades (as referenced to an EST library, (49) ).
Bioinformatics tools such as the BLAST algorithm demonstrate relatedness among LEA proteins, which is partly limited due to protein regions of low sequence complexity. Novel computational methods such as POPP analysis (Protein or Oligonucleotide Probability Profile) may offer new insights in the relatedness of LEA protein sequences (50) . As more LEA-related sequences are discovered in animals, the traditional BLAST algorithm may continue to offer basic insight into the relatedness of LEA-like proteins in animals. New classifications of groups will most likely evolve with the development of new bioinformatics tools and the increase in available sequence data.
Two related but divergent LEA-like genes (Arlea1A, Arlea1B) located on two separate chromosomes are described in the bdelloid rotifer Adineta ricciae (51) . Expression of both genes increases several-fold during desiccation. Interestingly, the protein sequences of both genes are similar but their structure in the hydrated state differs substantially. ArLEA1A is largely unstructured in the hydrated state and assumes α-helical structure upon drying.
ArLEA1B, in contrast, is predominately α-helical in the hydrated state. Furthermore, ArLEA1A prevents desiccation-induced aggregation of citrate synthase whereas ArLEA1B increases the aggregation of this enzyme and likely interacts preferably with phospholipid membranes (51).
The hydropathy score for both proteins is -0.46, which is moderately hydrophilic (e.g. BSA = -0.43). LEA proteins are in general highly hydrophilic. The average hydropathy score for 30 group 3 LEA proteins from plants is -0.97 ± 0.3 (51, 52) , and most LEA and LEA-like proteins from animals score below -1 (Table 1) . A homolog for ArLEA1B is reported for the closely related rotifer A. vaga (lea-1B'). This species also expresses a protein with a very similar sequence to lea-1B' that has a deletion of 123 amino acids (lea1C 
SUBCELLULAR TARGETING OF LEA PROTEINS
As can be gleaned from the preceding overview of LEA distributions in animals, multiple The first LEA protein from an animal species reported to be mitochondrial-targeted was the group 3 AfrLEA3m from A. franciscana (42) . This group 3 LEA protein is comprised of 307-amino acids (Table 1) and contains a 29 amino acid presequence at the N-terminus. The hydropathy plot reveals AfrLEA3m is very hydrophilic, with the exception of the presequence, which is relatively hydrophobic (Fig. 2B) . Menze et al. (42) showed that when a nucleotide construct encoding the AfrLEA3m presequence was ligated to the nucleotide sequence for GFP and transfected into human hepatoma cells, the chimeric protein was expressed and imported into mitochondria (Fig. 3) . The mitochondrial network was clearly visualized as containing GFP, as verified by co-localization of Mitotracker red (Fig. 3Ba , Bb, Bc). In contrast, the GFP lacking the AfrLEA3m leader sequence was not targeted to mitochondria and did not co-localize with
Mitotracker Red (Fig. 3Aa , Ab, Ac). The results demonstrated that a mitochondrial targeting sequence is an intrinsic component of AfrLEA3m and strongly suggest that AfrLEA3m is naturally localized to mitochondria of A. franciscana. It is appropriate to note that the results also highlight the highly conserved nature of the protein import machinery for mitochondria of mammalian and invertebrate cells, and indirectly, of the targeting sequence as well (42) .
The LEA proteins from the bdelloid rotifer A. ricciae, ArLEA1A and ArLEA1B, have an hydrophobic 19-amino acid N-terminal sequence as well as a putative endoplasmic reticulum retention signal (the amino acid sequence ATEL) at the C-terminus. Therefore, both proteins are likely targeted to, or transported through, the endoplasmic reticulum, although this conclusion awaits experimental evidence (51).
In plants, LEA proteins have been documented to be localized in the cytoplasm, nucleus, mitochondrion, chloroplast, endoplasmic reticulum, vacuole, peroxisome, and plasma membrane (23). It is reasonable to expect an expanded subcellular distribution of LEA proteins in desiccation-tolerant animals in the future.
STRUCTURE OF LEA PROTEINS IN HYDRATED AND DRY STATES Hydrophilic Nature and Random Coil in Aqueous Solution
As is clear from earlier comments, a fundamental biochemical feature of LEA proteins constituting the major classification groups is their strong hydrophilic nature. Indeed, traditional
Kyte and Doolittle hydropathy plots show that virtually all stretches of sequence for a given LEA protein fall in the hydrophilic space of such a plot. For example, each deduced amino acid sequence for group 3 LEA proteins from A. franciscana embryos exhibit negative hydrophobicity scores ( Fig. 2A,B) . As discussed above, the exception is the presequence that targets a protein to a subcellular organelle. These leader sequences are more hydrophobic than the mature/cleaved sequence (e.g., (42, 58) ; Fig. 2B ). In the fully hydrated state, LEA proteins are predominately unstructured with a preponderance of random coil. In aqueous solution, far UV circular dichroism (CD) spectroscopy did not detect significant secondary structure motifs for the group 3 LEA protein from the nematode Aphelenchus avenae AavLEA1; fluorescence emission spectroscopy confirmed that the single hydrophobic tryptophan residue of AavLEA1was fully solvent exposed. Indeed LEA proteins are considered members of the broader classification of intrinsically disordered proteins (IDPs) (e.g., (18)). Their hydrophilic nature fosters an accentuated interaction with solvent water, as discussed further below.
Increase in Secondary Structure during Drying
Of particular relevance to their proposed functions during conditions of dehydration, LEA proteins exhibit the remarkable ability to become more ordered and develop secondary structure as dehydration proceeds. For animal LEA proteins, this phenomenon was first shown by (59) using fourier-transform infrared (FTIR) spectroscopy. FTIR spectroscopy allows the assessment of protein secondary structure in the dry state by using the profile of the amide-I band, which provides information on the relative contributions of α-helix, β-sheet and turn structures (60).
AavLEA1 showed gain of structure during dehydration that was fully reversible upon rehydration. This pattern was originally discovered by (60) for a group 3 LEA protein from
Typha latifolia pollen. The T. latifolia protein in solution was largely in a random coil conformation, but it was primarily α-helical after fast drying. Interestingly, slow drying reversibly led to both α-helical and intermolecular extended β-sheet structures, which suggested the final protein conformation was not predetermined. Increase in secondary structure during drying also has been reported for LEA proteins from groups 1 and group 2 (dehydrins) (61, 62) , and for other group 3 proteins and peptides (63, 64) .
A recent modeling study by Li and He (65) utilized a 66-amino acid fragment of AavLEA1 and documented nicely many of these properties with molecular dynamics simulation.
The simulation of Li and He (65) used one molecule of the AavLEA1 fragment and various number of water molecules. These ratios mimicked aqueous solutions of the LEA protein at different water contents from 83.5 to 2.4 wt %. As water is removed, the protein assumes a more folded conformation. At 83.5% water, the LEA protein is fully solvated with water molecules until the water is decreased to 50%. At 50% water, 422 molecules of water were predicted to interact with each molecule of LEA protein (Fig. 4) . In this range between 83.5 to 50.4%, the protein is unstructured. Below this point, water molecules no longer are sufficient to fully solvate the protein. Below about 20% water (105 water molecules per protein), the protein becomes more dehydrated and begins adopting a significant amount of secondary structure.
Alpha-helical structure is apparent, and the formation of hairpin-like structures appears (Fig. 4) .
At 2.4% water (10 water molecules per protein), the structure is very similar to that in the complete absence of water (65) . These structural changes are observed during dehydration of the native LEA proteins (59, 63) , and Li and He (65) suggest that since these compact, hairpin structures only appear at very low water percentages, the implication is that a functional role for the protein is in the dry state rather than the hydrated state. The formation of various secondary structures (i.e., α-helix, random coils, and β-sheet) as a function of water removal is shown in Figure 5 . Secondary structure is predominantly random coil at water contents more than 20 wt.
%, again matching experimental results with CD and FTIR (e.g., (59, 60, 63, 64) ). In the dehydrated state the structure is primarily α-helix.
Structural Stability and Intra-protein Hydrogen Bonding Increases during Desiccation
Consistent with the gain of secondary structure as LEA proteins are dehydrated, the numbers of intra-protein hydrogen bonds are projected to increase and the number of hydrogen bonds present between the protein and water markedly decrease as water is removed (Fig. 6A) . Both projected changes occur primarily at 20% water and below. Estimates of overall protein stability
show that the LEA protein is much more stable at low water percentages, as judged by RMSD (root-mean-square deviation of all atoms on the protein backbone) and MDTF (mean dihedral transition frequency of all amino acids in the protein) (Fig. 6B) . The smaller the two parameters, the more stable is the structure of the protein. RMSD and MDTF change dramatically below 20% water and suggest a strongly stabilized structure at 5 <wt. %. Li and He (65) suggest that the structural flexibility of the LEA protein in the aqueous condition, versus the compact, folded 3-D shape when water is limiting to macromolecular hydration, may contribute to the respective chaperone and "molecular shield" functions that have been proposed, and to various degrees supported, by experimentation (discussed below).
PHYSIOLOGICAL ROLES OF LEA PROTEINS WITH AND WITHOUT SUGARS
Animals with natural tolerance to desiccation often accumulate low molecular weight organic solutes (e.g., trehalose; sucrose quite common in plants) along with protective macromolecules like LEA proteins. Certainly such dual protection with protein and sugar is not always the case, as exemplified by bdelloid rotifers that do not accumulate protective sugars (41, 66) . Nevertheless, synthesis of trehalose is well established as one event occurring during acquisition of desiccation tolerance in nematodes (67, 68) and other organisms (69). Crowe and colleagues (67, 70) reported the compelling observation that unless sufficient time is provided for A. avenae to convert glycogen to trehalose prior to desiccation, the nematode does not survive drying; if conversion to trehalose is accomplished during slow drying, dehydration is survived. Apparently trehalose buildup may not be sufficient by itself for anhydrobiosis (25) .
As Hoekstra and colleagues (25) emphasized for plant desiccation tolerance, one specific mechanism for protection does not confer tolerance on its own; the interplay of several mechanisms simultaneously is essential.
Protection of Proteins and Organelles
LEA proteins have the capacity to protect target proteins from inactivation and aggregation during water stress, including both freezing and drying. Protection against freezing damage has been extensively studied for group 2 LEA proteins (for review, see (23)) and has been reported for group 3 members (71, 72). Reyes et al. (73, 74) have shown that group 2 LEA proteins can protect LDH against both drying and freezing, and because the details of the enzyme inactivation appear different, these LEA proteins may be capable of protecting against multiple forms of structural alteration. Protection against damage during drying is wide-spread among various groups of LEA proteins from plants and animals (58, 72, 75, 76) .
While the group 3 LEA protein from an anhydrobiotic nematode A. avenae (AavLEA1)
can protect citrate sythase against desiccation-induced aggregation without the requirement for any other desiccation protectant like a sugar (51, 72) , it also displays a synergistic stabilization in the presence of trehalose. There is precedence for such a synergistic protection of proteins against heat stress and during the facilitation of protein folding by trehalose and non-LEA proteins (77) (78) (79) . A similar observation has been reported with mammalian cell lines for trehalose and the small stress protein p26 (80).
Goyal et al. (72, 75) have proposed that LEA proteins, at least in some cases, exert their protein anti-aggregation function by behaving as "molecular shields" during water removal; the concept is that the LEA proteins sterically prevent interactions among partially unfolded proteins which would otherwise form intracellular aggregates. However, because desiccation of globular protein often induces aggregation and denaturation (18), LEA proteins would be ineffective at preserving functionality of target proteins in may cases unless they also serve as chaperones, i.e., simply preventing aggregation would be insufficient. Whether or not LEA proteins also form specific complexes with clients characteristic of chaperones is difficult to experimentally demonstrate during drying as the proteins become forced together (cf. (23)).
AavLEA1, a LEA protein found in nematodes, maintains this anti-aggregation capability in vivo (76) . Several human cell lines were developed in which the expression of AavLEA1 could be induced. These cells were then tested for anti-aggregation activity using a model protein, EGFP-HDQ74, which is prone to spontaneous aggregation. When cells were induced to express AavLEA1 immediately after transfection with EGFP-HDQ74, there was significantly less aggregation compared to cells that did not express AavLEA1.
Finally, evidence suggests that trehalose and LEA protein stabilize mitochondria during freezing (42) . Mitochondria isolated from A. franciscana embryos contain trehalose inside the matrix naturally, and at least one LEA protein (AfrLEA3m) is targeted to the mitochondrial matrix (see above). When these mitochondria are frozen in a trehalose solution (with trehalose and AfrLEA3m naturally present internally), remarkably high respiratory control ratios (succinate plus rotenone) for frozen/thawed mitochondria were observed compared to control, non-frozen mitochondria. These RCR values are much higher than those reported for mammalian mitochondria frozen/thawed without LEA protein and trehalose present only outside (81) .
Interactions with Membranes
The first evidence that LEA proteins interact with membranes came from work with COR15a from Arabidopsis thaliana (82) . COR15a seems able to protect membranes from undergoing detrimental phase transitions during freezing (82). Although not classified as a LEA protein at the time, COR15a was later identified as a group 3 LEA protein by Wise (52) .
Membrane interaction has since been shown for many other plant LEA proteins, but the function of these interactions is not always clear (for review see (23)).
Molecular modeling of the amphipathic -helices that form upon dehydration of a LEA protein from pea seed mitochondria (PsLEAm) reveals patterns that resemble class A amphipathic helices of apolipoproteins (63) . Nearly all of the negative amino acid residues in PsLEAm form a stripe that is bordered on either side by positive residue stripes. Tolleter et al. ArLEA1B has an α-helical structure and is not able to act as a molecular shield (51) . In fact the opposite result is seen. When citrate synthase (CS) is dried in the presence of ArLEA1B there is increased aggregation compared to CS dried alone. However, ArLEA1B was found to interact with dry phospholipid membranes to a greater extent than ArLEA1A and AavLEA1, which are able to protect CS. The presence of ArLEA1B significantly decreases the gel-to-liquid crystalline phase-transition temperature (T m ) of dry liposomes (51).
The possibility that individual LEA proteins might have different protective abilities may provide an additional explanation for why there are multiple LEA proteins in a single organism.
Multiple LEAs may be required, not only for targeting to different organelles, but also to protect different cellular components (e.g., proteins versus membranes) at a given location in the cell. In the case of ArLEA1A and ArLEA1B, both proteins contain a C-terminal ER retention signal and an N-terminal hydrophobic region indicating that they are targeted to the same region in the cell, but they seem to have very different functions (51).
Stabilization of Sugar Glasses
The observation that LEA proteins can stabilize vitrified sugar glasses (trehalose, sucrose), as judged by shifts in the glass transition temperature (T g ), was initially reported for a plant LEA protein by Wolkers et al. (60) . Vitrification is generally thought to be one important property for substantial dehydration tolerance (cf., (69, 83) 
Hydration Buffers and Ion sequestration
Another function sometimes suggested for LEA proteins is to serve as a "hydration buffer" (e.g., (62, (87) (88) (89) ). The general concept is that unstructured hydrophilic proteins bind greater numbers of water molecules in their hydration shells than a typical globular protein. There are no direct measurements of changes in the kinetics of cellular water loss attributable to the presence of LEA proteins to our knowledge. Across days of development within the seed capsule of intact Arabidopsis thaliana, mutant seeds deficient in expression of ATEM6 (group 1 LEA protein) reached a dehydrated state earlier than wild-type seeds based on morphological evidence (94) . However, additional developmental characteristics also appeared to be accelerated in the mutant, so conclusions about absolute differences in water loss rate between mutant and control seeds could benefit from measurement of water kinetics in isolated seeds. For animals, other strategies for slowing the rate of water loss would likely be more quantitatively significant, like anterior-posterior contraction in tardigrades (i.e., formation of the "tun" or tonnchenstadien, (95) (96) (97) (98) coiling in nematodes (e.g. (99, 100) ), morphological changes in cuticular lipids (the "permeability slump," (101, 102)), and alterations in the egg envelope and perivitelline space that reduced water permeability in diapause fish embryos (103) .
Another function often proposed for LEA proteins, due primarily to their hydrophilic/charged nature, is ion sequestration. As cells dehydrate, the overall concentrations in inorganic ions in the cell rise and potentially disrupt enzyme function (cf. (104)). However, if one considers that an animal cell contains 130-150 mM potassium ion (in addition to the anion load) and that levels would increase during dehydration, then it is unlikely that general ion binding by LEA proteins would significantly retard the increase in free ions during dehydration.
Even though the number of amino acid residues with ion chelating function is high and the percentage of total cell protein represented by LEA proteins is often substantial, the chelation sites would be minor relative to total free ions. Further, when LEA proteins release their hydration water during desiccation (Fig. 4) , the ions bound to the proteins would typically follow suite and also be released thereby voiding any benefit, unless there are highly specific binding (23)).
SUMMARY REMARKS AND FUTURE ISSUES
Understanding the mechanisms present in organisms whose evolutionary history has provided the capacity for natural tolerance to drying and freezing will inform us about fundamental ways by which water limitation can be survived by cells and tissues. The roles of LEA proteins in this context are only beginning to emerge decades after their discovery. More in vivo evidence is needed to support the important inferences made from many excellent in vitro studies.
Among the key biological issues still requiring explanation is the evolutionary origin of 2. Most LEA proteins are highly hydrophilic and intrinsically unstructured in aqueous solution.
One extraordinary feature of LEA proteins is their ability to increase secondary structure (predominantly α-helix) during drying. This feature suggests important functional differences for LEA proteins in the dried state. As folding of LEA proteins occurs during water removal, the number of intra-protein hydrogen bonds increase and those between the protein and solvent decrease. Estimates of overall protein stability show that LEA proteins are more stable at low water percentages and display greater structural flexibility in aqueous condition.
3. While LEA proteins themselves possess the ability to protect other macromolecules and biological structures, they are also known to act synergistically with non-reducing disaccharides (e.g., trehalose and sucrose) for this purpose. For example, in vitro stabilization of enzyme activity by LEA proteins during drying is strongly enhanced by trehalose. Furthermore, direct evidence shows that LEA proteins increase the glass transition temperature (T g ) of sugars.
Higher T g values may be physiologically important to dehydrated organisms, because the vitrified state will be preserved at higher environmental temperatures.
4. There are many organisms that express multiple isoforms of LEA proteins. The occurrence of more than one type of LEA protein in a single organism suggests multiple subcellular locations and the ability to perform divergent functions. For example, a mitochondrial-targeted LEA protein has been documented in a crustacean, and two similar LEA proteins from the same nematode species have been shown to perform surprisingly different functions.
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The authors are not aware of any biases that might be perceived as affecting the objectivity of this review. embryos. LEA mRNAs are maintained 7-14-fold higher in the two desiccation-tolerant embryonic stages (i.e., diapause and post-diapause) compared to the desiccation-intolerant nauplius larva that served as a control (modified from (44) and (42)). 
